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Abstract
The sequence of chimpanzee chromosome 22 is starting to help us to define the set of genetic
attributes that are unique to humans, but interpreting the biological consequences of these
remains a major challenge.
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In a recent paper in Nature [1], the International Chimpanzee
Chromosome 22 Consortium describes the sequencing and
initial analysis of chromosome 22 of the chimpanzee Pan
troglodytes (PTR22), the ortholog of human chromosome 21
(HSA21, which is involved in the trisomy that leads to Down
syndrome). A whole-genome shotgun draft assembly of the
entire chimpanzee genome was made public by a US-based
consortium in 2003 [2], but the sequence published by
Watanabe et al. [1] - which was sequenced from bacterial
artificial chromosome clones rather than by whole-genome
shotgun - represents the first ‘finished’ chimpanzee chromo-
some, meaning that its completeness, contiguity and error
rates are comparable to the current human genome
sequence [3]. In addition to being a valuable quality control
for the whole-genome shotgun assembly, finished sequence
is better suited for studying insertions, deletions and other
structural variation between the human and chimpanzee
genomes. The analysis by Watanabe et al. [1] also constitutes
the first complete and unbiased comparison of a human and
a chimpanzee chromosome at the sequence level. 
Watanabe et al. [1] found that PTR22 and HSA21 differ at
approximately 1.44% of their 33 million aligned nucleotides.
In addition, they found 68,000 insertions or deletions
(indels), the vast majority less than 300 bp in size. The
number of indels accumulated over the time since humans
and chimpanzees diverged is therefore approximately one
seventh the number of point mutations in the same period; as
several nucleotides are affected by each indel event, however,
this result confirms previous estimates [4] that indels are a
major source of sequence divergence between humans and
chimpanzees. Comparison of the human-chimpanzee indels
to gorilla and orangutan sequences suggests that both PTR22
and HSA21 have undergone a small net decrease in size since
speciation, but it is unclear whether this observation can be
extrapolated to the respective complete genomes.
Rapidly evolving proteins 
Comparing 231 orthologous genes on the chromosomes,
Watanabe et al. [1] found 179 cases in which the human and
chimpanzee protein-coding sequences were of equal lengths.
Of these, approximately 80% have at least one amino-acid
difference between the two species, leading to an average
amino-acid divergence of 0.82%. Interestingly, of the remain-
ing 52 orthologs, 15 were found to have indels within their
coding sequences and 32 were found to have changes in the
first ATG (start codon) or the stop codon, changes that would
potentially lead to gross structural differences between the
human and chimpanzee protein products. Given that fewer
than 54% of human-mouse orthologs have coding sequences
of different lengths [5], it seems rather surprising that as
many as 20% have changed between humans and chim-
panzees, despite the significantly shorter time since their
divergence. Watanabe et al. [1] hypothesized that indels and
structural changes may represent one of the major mecha-
nisms of proteome evolution in the higher primates.
But are the data reported by Watanabe et al. [1] - based on
less than 1% of the known human complement of genes -representative of  human and chimpanzee evolution in
general? There are a few observations that suggest caution is
needed. First, survey sequencing (sequencing of random
short regions over the whole genome) has suggested that
HSA21 and PTR22 are diverging faster than most of the
other autosomes [6], implying that comparing these chro-
mosomes may overestimate the genome-wide rate of diver-
gence somewhat. Second, approximately two-thirds of the
orthologs reported to show length differences between
humans and chimpanzees are uncharacterized or poorly
characterized genes whose coding sequences have typically
been annotated on the basis of a small number of cDNAs or
expressed sequence tags. Few of these predicted genes have
an unambiguous mouse ortholog, whereas it is estimated
that approximately 80% of all human genes do [5]. Genes
that differ in length between human and chimp also domi-
nate the list of orthologs that have high ratios of nonsynony-
mous to synonymous substitutions [1], implying that they
are evolving under more relaxed constraints than the
average human-chimpanzee ortholog pair. 
Thus, a significant proportion of the genes reported to be
rapidly diverging by Watanabe et al. [1] appear to be novel to
the primate lineage and of largely unknown function. In con-
trast, better characterized genes with known functions and
recognizable mouse orthologs are highly conserved. This
suggests that the relatively high number of genes with puta-
tive structural changes may not be so surprising after all,
because earlier estimates of the structural change rate were
probably based on highly conserved genes. It also raises the
question of the relative contributions to the evolution of
higher primates of rapidly changing, ‘novel’ genes versus
genes that are widely conserved in mammals. On the one
hand, gene duplication followed by adaptive evolution is one
of the major forces for the emergence of new gene functions
[7], and a putative example of this phenomenon during the
emergence of humans and the African apes has been
described previously [8]. On the other hand, the rate and
pattern of morphological changes in modern humans and
our hominid ancestors may not be all that different from
other mammals [9], suggesting that the modification of
existing, highly-conserved developmental pathways, rather
than the invention of new genes and features, may explain
much of human evolution. Further studies are needed to
resolve this issue.
Changes in gene expression 
It has long been argued that changes in gene regulation may
be more important to morphological and functional evolu-
tion than overall genomic divergence [10]. Using Affymetrix
array technology, Watanabe et al. [1] compared the expres-
sion profiles of genes on human HSA21 and chimpanzee
PTR22 in various tissues and identified 9 and 12 genes with
significantly different expression levels between species in
brain and liver, respectively. An intriguing example of a
differentially expressed gene is the transcription factor
ETS2, which is upregulated in chimpanzee brains relative to
humans. Subtle upregulation of the orthologous Ets2 gene in
developing mice can lead to cranial and cervical skeletal
abnormalities reminiscent of those found in people with
Down syndrome [11], but the implications of this finding to
human and chimpanzee evolution are unclear.
Interestingly, Watanabe et al. [1] also found a correlation
between changes in expression levels and changes in
sequences upstream of genes. They found that orthologous
genes with high divergence in their 5 untranslated regions
(UTRs) tend to show differences in expression levels. Simi-
larly, orthologous genes associated with more diverged
CpG islands also tend to show different expression levels.
These two trends may be related, as CpG islands often
overlap with the first exons of genes. It has been proposed
that 5 UTRs might be under positive selection in humans,
possibly because of their involvement in the regulation of
expression levels [12]. In related work, Enard et al. [13]
recently suggested that DNA methylation patterns, which
are important modulators of gene expression and protect
CpG dinucleotides from mutation, differ between human
and chimpanzee brains. If these differences extend to the
germline, they might also explain the correlation between
expression and sequence divergence. 
But do differences in expression levels of human and
chimpanzee genes necessarily have functional consequences?
The recent important paper by Khaitovich et al. [14] sug-
gests that this may not be the case. Their work shows that
gene-expression differences between mammalian species
accumulate linearly with time, and that the rate of accumula-
tion does not differ between intact genes and expressed
pseudogenes [14]. The implication is that the majority of
expression differences observed between two species, like the
majority of amino-acid differences, are likely to be selectively
neutral or nearly neutral and therefore of little or no functional
significance. Thus, the interpretation of species-specific
expression differences will need to be based on comparisons
with a null model of how expression changes under neutral
evolution.
Different perspectives on human evolution
The popular media did not quite know what to make of the
initial analysis of PTR22 [1]. “Chimp DNA almost identical
to ours” announced Reuters, whereas Asian News Interna-
tional informed its readers that “Chimps and men are indeed
very different!” Unwittingly, the authors of these two head-
lines may have summarized many years’ worth of scientific
debate over human and chimpanzee evolution [10]. We can
now count the exact number of genetic differences between
humans and chimpanzees, but whether this number is high
or low is entirely in the eye of the beholder. Humans and
chimpanzees are an order of magnitude more different, in
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Genome Biology 2004, 5:238terms of genetic changes, than any two humans, but an order
of magnitude less different than mice and rats are from each
other. And although rat biologists will no doubt disagree,
most of us might like to think that what separates us from
the chimpanzee is far more profound than what separates a
small rodent from a slightly larger rodent. 
The major question that is before us now is thus not whether
we are as different from other species as we might like to
think, but rather which of the human-specific genetic changes
account for our unique biological traits and which are simply
evolutionary noise. Answering this question will require
additional data from other primates as well as fundamental
advances in our understanding of the functional evolution of
both coding and non-coding sequences. We are a long way
from understanding the genetic basis for the origins of the
human species, but the sequencing of the chimpanzee
genome is an important milestone along the road.
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